Bulk SrTiO 3 is cubic and not expected to exhibit any first-order Raman scattering. However, nanocubes of SrTiO 3 with an edge length of 80± 10 nm show strong first-order Raman scattering originating from the breaking of symmetry caused by frozen surface dipoles ͑local tetragonality͒ and the presence of nanoscopic polar domains ͑arising from incorporated impurities͒. Rapid polarization fluctuations within these nanoscopic ferroelectric regions interfere with a polar phonon, resulting in a Fano-like asymmetric line shape in these SrTiO 3 Ferroelectric perovskites, such as SrTiO 3 and Ca x Sr 1−x TiO 3 , have attracted much attention due to their nonlinear optical properties and electric-field dependent dielectric constants that make them potentially useful in phase and frequency agile electronics, monolithic microwave integrated circuits, and tunable high-Q resonators. 1 There has been interest in using thin films of ferroelectrics and incipient ferroelectrics ͑materials with unusual dielectric properties, such as suppressed paraelectric to ferroelectric transitions͒ to enable integration with microelectronics. 2 However, the dielectric properties of incipient ferroelectrics can be quite different in thin film or nanostructured form as compared to bulk single crystals. 3 While there have been advances in the controlled synthesis of nanocrystalline SrTiO 3 and related perovskites, [4] [5] [6] there has been relatively little progress in understanding how these systems differ from bulk SrTiO 3 . Such differences are observed here using Raman scattering. Raman spectroscopy can provide useful insight into the long-and short-range structures of these nanocrystalline materials and also into phonon absorption, which affects dielectric loss.
SrTiO 3 nanocubes with an average edge length of 80± 10 nm, as determined by transmission electron microscopy ͑TEM͒ ͓Figs. 1͑c͒ and 1͑d͔͒, are grown using a moltensalt solid-state reaction in the presence of NaCl. 4 The scanning electron microscopy ͑SEM͒ image in Fig. 1͑a͒ shows clusters of these nanocubes. From x-ray diffraction ͑XRD͒ and selected area electron diffraction ͑SAED͒ patterns, these nanocrystals are cubic in structure ͑Pm3m͒ with a lattice constant a = 3.894 Å ͓JCPDS value for cubic SrTiO 3 of a = 3.905 Å ͑Ref. 7͔͒. 5 CaTiO 3 nanostructures ͓Fig. 1͑b͔͒ and intermediate mixed perovskites with a composition of Ca x Sr 1−x TiO 3 are also synthesized by a modification of this molten salt technique. 5 They are approximately nanocubes, with lengths ranging from 70 to 110 nm. XRD and x-ray photoelectron spectroscopy measurements indicate the formation of pure phases without contamination from anatase or rutile titania. [4] [5] [6] Moreover, TEM energy dispersive x-ray and SAED observations do not show the presence of any TiO 2 structures. We use Raman spectroscopy to study SrTiO 3 and mixed perovskite Ca x Sr 1−x TiO 3 nanocubes using the 514.5 nm line of an Ar-ion laser, which are compared to bulk micrometer-sized SrTiO 3 and CaTiO 3 powder obtained from Alfa Aesar and Aldrich, respectively.
Bulk SrTiO 3 has a centrosymmetric cubic structure at room temperature. Since all the zone-center optical phonons are of odd parity, no first-order Raman scattering is expected to occur. Instead broad second-order peaks are seen between 200 and 500 cm −1 and between 550 and 750 cm −1 , as shown in Fig. 1͑e͒ . 8 For SrTiO 3 nanocubes, we observe clear firstorder peaks near ϳ145, 175, and 545 cm −1 ͓Fig. 1͑e͔͒. The first peak can be ascribed to the E g mode associated with noncentrosymmetric SrTiO 3 , 9 whereas the latter two modes originate from polar TO 2 and TO 4 phonons, which are associated with O-Ti-O bonding. 10 First-order Raman scattering has been seen in SrTiO 3 due to the breaking of symmetry by the application of an electric field, strain from lattice mismatch and grain boundaries, and doping by impurity atoms in the crystal lattice. 10, 11 For our freestanding SrTiO 3 nanostructures, the lowering of symmetry likely arises from the presence of nanoscopic impurities incorporated in the lattice. The lowering of symmetry may also be associated with the frozen dipole moments at the nanocrystal surfaces. The polarization induced by these dipoles likely penetrates into the crystal, imparting a local tetragonal structure and destroying the inversion symmetry. 12 A pronounced Fano asymmetric line shape is seen at the TO 2 peak, which suggests coherent interference between the discrete phonon and a broad peak or continuum. 13 The E g mode is not seen for epitaxially grown films and is likely observed in the nanocubes due to the frozen dipole moments at the surfaces, which break the inversion symmetry of the crystal; this is analogous to the effect of grain boundaries in SrTiO 3 ceramics. 12, 15 Such a frozen dipole moment does not, however, explain the Fano line shape seen for the polar TO 2 phonon. Since the phonons will not interact with static polarizations, there must be additional rapid polarization fluctuations, leading to the continuum response, which gives rise to the Fano lineshape. 10 These rapid polarization fluctuations likely arise from the presence of defectinduced ferroelectric nanopolar regions in the nanoparticles. 10 Defects could be present due to the incorporation of impurities or oxygen vacancies produced by insufficient oxygenation.
The E g and TO 4 phonons in SrTiO 3 nanocubes are fitted with Lorentzian line shapes, as shown in Figure 1͑e͒ . The Fano TO 2 peak is fit by
after subtracting a constant base line, where
and 0 is the phonon frequency, A is the amplitude, G is the full width at half maximum, and q is the asymmetry parameter. This peak cannot be fitted with a Lorentzian plus a linear base line. The asymmetry parameter q is always positive for these SrTiO 3 nanocubes, which means that the scattering intensity is greater on the high-energy side of the peak. Interference with electronic continua is usually characterized by a negative value of q. Since the continuum interacts with a polar phonon, it is expected to be polar in nature, and thus may reasonably be ascribed to polarization fluctuations in defect-induced nanopolar regions. 10 This would explain the absence of Fano broadening for the nonpolar E g mode which is not able to couple to the polar continuum. Since the TO 4 peak is much higher in energy, it is thought that the density of states for the "continuum" vanishes at this frequency, and thus no Fano interference is seen for this mode, even though it has the same symmetry.
Phonon confinement is not significant for these nanocubes and does not explain any asymmetry in the Raman spectra, as is shown by simulations 16 using the phonon dispersion curves for the TO 2 phonon in SrTiO 3 . 17 Using a "worst-case" scenario ͑maximum phonon dispersion in the model͒, the modeled spectra for 80± 10 nm particles are the same as for bulk SrTiO 3 ; finite size effects become significant only for particles Ͻ5 nm in size.
Any clustering of the nanocubes, as seen in Fig. 1͑a͒ , will not affect the defects that lead to the Fano resonance. Such clustering would also not affect phonon confinement, as is clear from studies of nanocrystalline films. Figure 2 shows the temperature dependence of the Fano peak. The asymmetry parameter q increases and then decreases with temperature, as seen in Fig. 2͑b͒ , and this differs from the monotonic decrease for thin films in this temperature range. Not much is known about the precise behavior of the continuum of states arising from the dynamics of the local dipole moments in the local nanopolar regions. The asymmetry factor q depends on the interaction strength between the phonon and the continuum states and on the density of the continuum states. 18 A more systematic study as a function of size and impurity concentration is required to derive more definitive conclusions about the variation of the asymmetry with temperature. Figure 1͑f͒ compares the Raman spectra of bulk and nanoparticulate CaTiO 3 . The nanocubes are orthorhombic, just like the bulk, as confirmed by XRD and SAED observations. 5 The first-order peaks for the CaTiO 3 nanoparticles are superimposed on several broad second-order peaks and are fitted with Lorentzians and assigned to CaTiO 3 lattice modes, O-Ti-O bending modes, and torsional modes. Figure 3 shows the room temperature Raman spectra for perovskites in the SrTiO 3 -CaTiO 3 nanoparticle system. With increasing Sr content, most of the peaks broaden and shift to lower frequencies, as is observed for bulk samples. 19, 20 The peak position of the torsional A mode is 4 were fitted using Lorentzian line shapes, whereas the TO 2 peak was fitted with a Fano profile ͑fits are superimposed on the spectra as solid lines͒. The Fano line shape is depicted more clearly in the inset to ͑e͒. The Fano fitting parameters are A = 0.38, q = 5.07, 0 = 168.4 cm −1 , and ⌫ = 17.41 cm −1 . ͑f͒ Raman spectra of bulk CaTiO 3 and CaTiO 3 nanocubes ͑dashed lines͒ at room temperature. All the peaks can be fitted with Lorentzian line shapes ͑shown for the nanocubes as solid lines͒. Peak a is attributed to a CaTiO 3 lattice mode, b -f to the O-Ti-O bending modes, and g to a torsional mode.
plotted versus the Sr concentration in Fig. 3͑b͒ . The lower energy peaks are more dramatically affected by the increasing Sr concentration. A striking feature for the intermediate compositions Ca x Sr 1−x TiO 3 is the prominent E g peak, which is the highest intensity peak for all the intermediate compositions. In contrast, this peak is quite weak for bulk samples. 19 This may again be due to the surface dipoles on the nanoparticles, which strongly favor the breaking of inversion symmetry. 12, 15 The TO 2 phonon feature in Ca 0.3 Sr 0.7 TiO 3 nanocubes displays a Fano asymmetry, but these features in more Ca rich nanocubes do not.
In summary, we present the first Raman measurements of SrTiO 3 and Ca x Sr 1−x TiO 3 nanocrystals, which show behavior quite distinct from the bulk. Cubic SrTiO 3 shows first-order Raman scattering due to permanent surface dipoles and the presence of nanoscopic polar regions, which break the inversion symmetry. The polar TO 2 structural phonon feature in SrTiO 3 , and also Ca 0.3 Sr 0.7 TiO 3 , has an asymmetric Fano line shape attributed to the interference of the optical phonon with rapid polarization fluctuations in the nanopolar domains. Future work will focus on a more extensive delineation of the phase diagram for nanoparticulate 
